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Ab initio pressure-dependent vibrational and dielectric properties of chalcopyrite CuAl$
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We have performed aab initio study of pressure-dependent lattice dynamical properties of chalcopyrite
semiconductor CuAlg The calculations have been carried out within the local density functional approxima-
tion using norm-conserving pseudopotentials and a plane-wave basis. Born effective charge tensors, dielectric
permitivity tensors, the phonon frequencies at the Brillouin zone center, and their Griineisen parameters are
calculated using density functional perturbation theory. We compare the Griineisen parameters of the calculated
guantities with those of zinc-blende type materials and found similar trends.
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[. INTRODUCTION space, on the adaptation to a fixed potential of the band-by-
band conjugate gradient metiféchnd on a potential-based
conjugate-gradient algorithm for the determination of the
self-consistent potentidf. The exchange-correlation energy
is evaluated in local density approximation, using Perdew-
Wang parametrizatidd of Ceperley-Adler electron-gas
data?®
The pseudopotentials have been generated mrtbsPP

code?® The details of choice of pseudopotentials were re-
ported before for calculations of Culng€ CuGa$,?® and
CulnS,.2° The kinetic energy cutoff needed to obtain a con-
vergence better than 0.01 eV for total energy is found to be
Shual to 45 Ha. Changing cutoff from 40 to 45 Ha changes
i sponse quantities less than 1%. The Brillouin zone is

ampled by 12 speci@lpoints, which is found to be enough

; ; . f?r convergence of static as well as response calculations.
Pressure is used as an important perturbational probe o

the electronic, optical, and lattice dynamical properties of Technical details on the computation of responses to
U~ ptical, . y -al prop atomic displacements and homogeneous electric fields can be
materialsi?> Chalcopyrite lattice structure is a deformed

super-structure of zinc-blende type structure and the hono]cound in Ref. 18, while Ref. 19 presents the subsequent com-
P yp P utation of dynamical matrices, Born effective charges, di-

modes at the Brillouin zone center can be mappgd to zon lectric permittivity tensors, and interatomic force constants.
center and several zone boundary modes of zinc-blendé

structuret®1% Pressure dependence of lattice dynamical
properties of zinc-blende compounds show certain trends,
such as a negative mode Grlneisen parameter for transverse Ill. RESULTS
acoustic modes, especially towards Brillouin zone bound-
aries and decrease of effective charges under pre¥sure.
this study, we try to delineate the extent of the relationship The details of the geometry of chalcopyrite structure can
between the pressure dependence of lattice dynamical prope found in many papers:*® For self-containment, here we
erties of zinc-blende and related ternary compounds. To thatescribe the structure of the unit cell briefly. The chalcopy-
end, we investigate the pressure dependence of lattice dyite structure(space grou;D%f,, No. 122 can be considered
namical properties, such as zone center phonon frequenciess derived from the cubic zinc-blende struct(space group
Born effective charges, and dielectric permitivity tensor ofTﬁ) by populating one of the face centered cubic sublattice
chalcopyrite CuAl$ using the density functional and density with group VI atoms and other one with equal amounts of
functional perturbation theofy1° groups | and Ill atoms in a regular fashion. In general, I-VI
and llI-VI bond lengths, denoted by.,, andd,,.y,, respec-
tively, are not equal. One consequence of having two differ-
ent anion-cation bond lengths is a tetragonal distortion char-
acterized byu=0.25Hd?,, —d3 .,)/a? which describes the
The present results have been obtained usingadneT repositioning of the anions in they plane,a is the lattice
code?C that is based on pseudopotentials and planewaves. tonstant in thex or y direction. The second consequence of
relies on an efficient fast Fourier transform algoritdrfor  differing anion-cation bond lengths is a deformation of the
the conversion of wave functions between real and reciprocainit cell to a lengthc which is generally different from &

The ternary I-11I-VI, chalcopyrites form a large group
of semiconductors with diverse structural, electrical, and op
tical properties:2 One of this class of materials, CuAlSs
the widest band gap semiconduc{&;=3.49 eV at 300 K
(Ref. 3] crystallizing in chalcopyrite structure and is an im-
portant candidate for blue-to-ultraviolet light emitting device
applications’

The Brillouin zone(BZ) center phonon frequencies of
CUuAlIS, have been measured by infrared reflectiifyand
Raman scatterirtg8-1%spectroscopies at ambient as well as
elevated pressures. One interesting point about all these r
ports is the consistency of data for all the measured mod
frequencies, which is not the case for the other Cu-base
chalcopyrite semiconductots.

A. Atomic structure

Il. METHOD OF CALCULATION
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TABLE I. Calculated structural parameters of CuA®mpared din\

to experimental datéa in a.u., » andu are unitless y=- m (1)

This work Ref. 9 Ref. 31 Ref. 32 Ref. 33

whereV is the unit cell volume and is the eigenvalue of the

a 9.900 10082 10083  10.043  10.076 gymmetric part of relevant effective charge tensor. Because
1.988 1.957 1.958 1.963 1.976  of finite k-point sampling there is a deviation from charge
u 0.255 0.255 0.268 - - neutrality which is less than 0.01 electron for the unit cell.

The form of effective charge tensor for the constituents is
determined by the site symmetry of the ios. of cations,
This tetragonal distortion is characterized by the quangity which have same site symmetithey are located atatand
=cl/a. 4b Wyckoff positiong are almost diagonal with an aniso-

The lattice parameters are determined from atomic and@opy of 4% for Cu and 2% for Al. S ions are located at lower
structural relaxation and compared to available experimentalymmetry siteg8d positiong and as a result their effective
values in Table I. Considering the fact that the zero-poinicharge tensors have nonequivalent diagonal components as
motion and thermal effects are not taken into account, thevell as sizable off-diagonal components. The tetrahedral
calculateda, », andu values agree with the experimental shifting of anion atoms creates four different configurations
values quite well. The bulk modulus and its pressure derivafor these atoms and the resulting effective charge tensor el-
tive calculated by fitting to a third-order Vinet equation of ements can be divided into two classes according to the di-
staté* are found to be 974 kbar and 4.5 which are in veryrection of the tetrahedral shifting being alorgr y direc-
good agreement with experimental values of 990%30, tion. Z5,,=-1.61 for all anions whil&s,, andZg,, take the
940+150'° and 958.3 kbat® value —1.53 or ~1.67 depending on the directioruoAlso,
depending on thel distortion being along or y direction,
the off-diagonal componentzs,,, Zs,, or Zs,, Zs,, are
different than zero.

For insulators, the Born effective charge tensor for atom As can be seen from Table Il, the Gruneisen parameter for
K, zK . quantifies, to linear order, the polarization per unitthe dynamical effective Charges of all the ions are negative,
cell, created along the directiggwhen the atoms of sublat- which indicate thatZ* decreases with increasing pressure.
tice k are displaced along the directien under the condi- This tendency is an indication of increased metallization un-
tion of zero electric field. It can be calculated from Berry der pressure and is found to be the case for almost all zinc-
phase or perturbation theory. blende materials, except Si€.

In Table Il, we display dynamical effective charge tensors, The form of the dielectric tensor is determined by the
eigenvalues of symmetric parts of these tensors, and Grisymmetry of the crystal. Our calculated electroféc) and
neisen parameters of these eigenvalytsvhich is defined static (&) dielectric tensors have two independent compo-
as nentse' ande' along and perpendicular to tleaxis, respec-

B. Born Effective Charge and Dielectric Permitivity Tensors

TABLE Il. Calculated Born effective charges of CuAlSThe eigenvalues, of the symmetric part oZ* are given in brackets. The last
column is the Grineisen parametex for the effective charge.

A 7

z, 0.59 -0.10 0.0 [0.59] [-3.73]
0.10 0.59 0.0 0.59 -3.73

0.00 0.00 0.5 10.57] |-3.59]

Zn 2.61 -0.05 0.0 [2.66] [-2.23]
0.05 261 0.0 2.61 -2.23

0.00 0.00 2.6 12.61] |-0.01]

-1.53 0.00 0.0 —2.27 [-0.62]

zs 0.00 -167 0.62 -1.53 -0.52
000 063 -16 [-1.01] [-1.31)

zg, -1.67 0.00 0.6 [-2.27] [-0.62]
0.00 -1.53 0.00 -1.53 -0.52

0.63 0.00 -16 [-1.01] [-1.31]
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TABLE lII. Static and high frequency dielectric tensor compo- rameters are displayed and compared with infrarednd
nents of CuAlS. Ramafi-®8° spectroscopic measurements. CUAIS rather
interesting among the Cu-based semiconductors that crystal-

e, € €x € € € lize in chalcopyrite structure, because, contrary to other
Thiswork 681 694 685 884 889 sz Members of thls_fam|I§/,1'27'28v41reports of its zone-center
phonon frequencies agree well with each other. As can be

Ref. 5 49 50 50 67 64 65  geenfrom the table, based on relative root-mean squas
Ref. 7 480 490 487 705 814 7.68 (eviation values, our calculated mode frequencies agree very
Ref. 37 5.1 5.2 5.2 6.9 7.0 7.0  well with the experimental results, especially low tempera-

ture Raman measurements reported by Bairagtoad® Ex-
cept for the Andristet al. infrared datd, all the rms devia-
tively. While electronic dielectric tensor is almost isotropic, tions between our calculated results and the experimental
€y has a smal(~2.8%) anisotropy, which is consistent with data are within the range of expected accuracy of DFT re-
the fact that for CuAl$ tetragonal distortion is very small sponse calculations.

(p=cla=2). The Grlineisen parametey for phonon mode is defined

We display our calculated dielectric tensor componentsas
along with model calculations of Ref. 37 and experimentally
available values in Table Ill. The averages &f and ¢, yi=— din o (3)
obtained from the expressioa, (or ;)=(2¢:+¢€.)/3 are ' dinVv’
also shown in this table.

The infrared data for the electronic part of the dielectric
tensor of CuAlI$ are similar and around 5, but for the static
dielectric tensor components there are up to 30% differenc
betweene; reported in Refs. 5 and 7. It is well known that
the density functional theor§DFT) overestimates the high-
frequency dielectric constants, this is a well-known proble
related to underestimation of the band-gap in BET° Our
calculatede,, values are somewhat higher than expecte
overestimation. The agreement for the componentyois
better.

One can define a Griineisen parameter

where w; the frequency of the modieandV is the unit cell
volume of the crystal.y; expresses the change in phonon
frequency under hydrostatic pressure. In Table IV we also
8isplay and compare our calculated mode Griineisen param-
eters with experimental values reported in Ref. 8. One of the
interesting properties of phonons of tetrahedrally coordinated
emiconductors of diamond and zinc-blende structure is the
ressure softening of their transverse acougit) modes.
ode Gruneisen parameter for TA modes of Groups 1V,
I1I-V, and II-VI compounds that crystallize in diamond and
zinc-blende structure are all negative towards the Brillouin
zone boundarie¥ As the chalcopyrite structure is obtained
. dine by doubling and deforming the zinc-blende structure, the first
Y =" dinv ) Brillouin zone(BZ) of chalcopyrite is formed by folding the
zinc-blende BZ. The correspondence between the chalcopy-
for the pressure dependence of the dielectric constants. Wite zone center phonon modes and modes in zinc-blende
have foundy, to be very small negativeyf!c:—0.0046 for structure has been given in Refs. 13-15 and 42 We have
yeﬂo and small positive(y%t:0.00SI) for et found three negative mode Griineisen parameter for CYAIS

€. components. which are two low frequency opticdls; and one low fre
This is surprising, becausg= for zinc-blende compounds is quencyT, modes. These modes originate frog,., Wiac,

much larger than these valu&sThe Griineisen parameters andW,, modes of zinc-blende structure, respectivelyor

for the compounds of static dielectric functiag are all L A ) ;

, I I B the Xg,-originated mode is similar in magnitude and sign to
negative (y©=-0.50,y0=-0.38,/°=-0.46 and around \gjues reported for zinc-blende structufé<® Frequency
those values reported for zinc-blende compouiids. and mode Griineisen parametershapoint for zinc-blende

C. Phonons atl" Point mgtenals are, unfort'unately, not as well known as thos¢ at
) ] point. From the available ddfawe would expect a smaller,
Since the body-centered tetragonal unit cell of the chalyyt still negative Griineisen parameter. Experimentdor
copyrite structure has eight atoms, there are a total of 2¢hese two modes seem to be very small but positive.
modes of v_ibration. A detailgd discussion of group theoreti-  For zinc-blende materials, the mode Griineisen parameter
cal properties of chalcopyrite zone center phonons can beyr longitudinal optical phonons modds+o) is generally
found in Refs. 13 and 28 The irreducible representation aﬁigher than that of transverse optical mageo).*® We have
the center of the Brillouin zone is found a similar relationship for CuAlSfor the polar mode
Fop=1I1 @2l @ 3l'3® 3, @ 6ls (the highest frequency's and I'y mode$ originating from
the zone-center polar mod€s) of zinc-blende structure.

for optical modes, and

FaC0= 1F4 ©® 1F5

_ IV. CONCLUSION
for acoustic modes.

In Table IV our calculated zone center phonon frequen- We have investigated the pressure-dependent lattice dy-
cies, their symmetry assignments and mode Griineisen paamical properties, such as Born effective charge tensor,
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TABLE IV. Frequencies of phonons and mode Griineisen parameters &t ploint (o in cmiY). All experimental data, except those
indicated in the footnote, are room temperature measurements.

Ab initio Experiment Vi

Mode  Present IR IR® IR’ R® R8 R& R® RP R  Present Ref.8 Ref. 10
I, 325 315 315 316 314 317 315 15 1.5 1602
T, 366 1.4
T, 304 1.4
'3 448 440 443 442 448 1.6 1.4
T3 263 268 268 269 263 266 0.9 0.7
Ty 115 98 98 102 96 0.8 0.9
% 495 498 500 497 495 498 503 1.4 1.1

453 446 446 456 445 456 446 446 448 1.7 1.3
9 296 284 285 278 270 1.9 2.7

287 271 271 264 266 270 267 272 274 1.7 2.7
i< 120 111 112 111 108 -0.1 0.1

119 114 105 112 111 114 108 -0.3 0.1
s 489 497 497 496 494 495 499 496 498 1.3 1.1

449 444 444 452 445 444 444 444 449 1.7 15
It 440 432 434 420 1.7 15

436 432 432 430 373 433 15 1.0
It 290 266 266 242 265 266 267 263 275 1.8 2.2

287 263 263 228 262 266 265 261 265 265 1.9 22 19403
It 218 217 217 220 219 220 220 218 220 1.2 0.6

218 216 216 208 218 220 218 218 220 218 1.2 06 08202
% 146 140 150 142 135 -0.1 0.2

146 140 150 142 135 -0.1 0.2
= 83 77 76 78 78 76 77 -1.1 -0.6

83 77 76 78 78 74 77 76 -1.2 -0.6 =03

rms relative deviations
0.046 0.056 0.103 0.073 0.072 0.056 0.083 0.045 0.062

@Reference gat 78 K).
bReference 9at 8 K).

Brillouin zone center phonon frequencies, and static and highamical effective charges decrease. The zone center modes
frequency dielectric tensors of ternary semiconductomriginating from the modes with negative Grineisen param-
CuAlS, within the density functional perturbation theory eter in zinc-blende materials, have negative Grineisen pa-
framework. We have found that the pressure dependence eimeters and the ordering 640> v o is respected for the
these quantities show similar trends with binary tetrahedrallyzone-center chalcopyrite modes that originate from the zone-
coordinated compounds. Under hydrostatic pressure, the dgenter polar mode of zinc-blende structure.
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